ABSTRACT The mosquito Aedes albopictus (Skuse, 1895) is a potent vector of several arboviral diseases, most notably chikungunya and dengue fever. In the context of the sterile insect technique (SIT), the sterilization of the male mosquitoes before their release can be achieved by gamma-ray irradiation. As gamma-ray irradiators are becoming increasingly problematic to purchase and transport, the suitability of an X-ray irradiator as an alternative for the sterilization of Ae. albopictus males was studied. The sterilization of up to 200,000 pupae at one time can be achieved with relative ease, and the sterility results obtained were comparable with those achieved by gamma irradiation, where 99% sterility is induced with a dose of 40 Gy. A signiÞcant reduction of longevity was observed in the latter stages of the malesÕ life after irradiation treatments, especially at doses Ͼ40 Gy, which is consistent with the negative effects on longevity induced by similar radiation doses using gamma rays. Females irradiated at 40 Gy were not only 100% sterile, but also failed to oviposit entirely, i.e., all of the females laid 0 eggs. Overall, it was found that the X-ray irradiator is generally suitable for the sterilization process for sterile insect technique programs, as it showed a high processing capacity, practicality, high effectiveness, and reproducibility.
of sterile (usually male) insects in overßooding numbers to mate with wild females, and thereby suppress the insect population in the targeted area (Robinson et al. 2009 ). The SIT is an "autocidal" biological control tactic that agrees with present day concerns regarding human health and the environment (Dyck et al. 2005 ). The development of the "SIT package" to manage disease-transmitting mosquitoes is, however, still in its infancy, and many fundamental components still need to be developed, validated, and optimized.
In the SIT, sterilization of the males before their release can be achieved by irradiation. 60 Cobalt or 137 Caesium gamma-ray irradiators have commonly been used for this purpose, but these are becoming increasingly difÞcult to purchase, transport, or reload because of increased controls on radioisotopes due to the fear of terrorism (Mastrangelo et al. 2009 ). Therefore, a low energy X-ray irradiator (Fig. 1A) may offer a good alternative as it presents several positive characteristics: discontinuous emission of radiation, no radioactive waste, and lower transport costs (Mastrangelo et al. 2010) . The X-ray irradiator also fulÞls the basic requirements for its use in SIT programs, as they are easy to hold in an insect rearing facility, it can be used continuously for several hours, and is easy to operate with minimal training (Mehta and Parker 2011) . X-rays are currently used for the sterilization of fruit ßies (Mastrangelo et al. 2010) , but before putting X-ray into use for mosquito SIT, some tests have to be carried out to ensure its efÞciency and reliability in terms of processing capacity, induction of sterility in the insects, ease of handling, and long-term durability. As one of the major considerations is the handling and irradiation process, suitable devices for holding the pupae during irradiation have to be developed to keep the mosquitoes moist and in a single layer, as overlapping may cause physical damage. To be able to irradiate a high number of mosquito pupae, a multilayer, stackable device was developed, balancing high processing capacity and homogeneity of radiation dose received.
The device for the X-ray irradiation of mosquito pupae was developed at the Insect Pest Control Laboratory, (IPCL) Seibersdorf, Austria, and its suitability and efÞciency evaluated. The effects of X-ray irradiation on Ae. albopictus were also examined in terms of induced sterility and male longevity.
Materials and Methods
Strain. The Ae. albopictus strain used for the experiment originated from Þeld collections in northern Italy and has been maintained under laboratory conditions at the Centro Agricultura Ambiente, Bologna, Italy (Bellini et al. 2007 ). The strain was transferred to the IPCL in 2010, and has been maintained under the following conditions. Adult Rearing. Adults were kept under standard laboratory conditions in a climate-controlled room maintained at a temperature of 27 Ϯ 1ЊC, 60 Ϯ 10% relative humidity, and a photoperiod of 12:12 (L:D) h, including dusk (1 h) and dawn (1 h). Adults were kept in standard 30-by 30-by 30-cm Bugdorm cages (Megaview Science Education Services Co. Ltd., Taichung, Taiwan) and continuously supplied with 10% wt:vol sucrose solution with 0.2% methylparaben (Benedict et al. 2009 ). Females were blood-fed weekly on deÞ-brinated bovine blood using the Hemotek feeding apparatus (Discovery Workshops, Accrington, United Kingdom). Females were allowed to oviposit in plastic beakers lined with crepe paper (Sartorius Stedim Biotech GmbH, Gö ttingen, Germany) containing deionized water. Five days after the bloodmeal, the Þlter paper holding the eggs was removed from the cage, left to dry for 24 h at ambient condition, as described above. The eggs were allowed to embrionate for at least 1 wk. When needed, the eggs are counted and put in a closed 1-liter jar with 0.7 liter of deionized water, 0.25 g of Bacto Nutrient Broth (Oxoid Ltd. Basingstoke, United Kingdom), and 0.05 g of brewerÕs yeast to allow hatching.
Hatched larvae (Ͻ4 h old) were transferred to plastic trays (40 by 29 by 8 cm) that contain Ϯ2 liters of deionized water and fed a diet of Þnely ground (224-m-sieved) Koi Floating Blend (Aquaricare, Victor, New York). Pupae were collected and placed in small plastic cups inside a fresh adult cage for emergence.
Development of the Irradiation Cylinders. The chamber of the RadSource RS 2400 X-ray irradiator (Rad Source Technologies Inc., Suwanee, GA) contains Þve horizontal, cylindrical canisters that rotate around the X-ray tube, similar to a Ferris wheel, keeping the same point on the canisters on top throughout the rotation (Mehta and Parker 2011) . For the mosquito pupae irradiation, a custom-made Plexiglas cylinder has been designed at our workshop (Fig. 1B) . This cylinder was devised to hold pupae in a horizontal position with little or no water, and to exploit the centermost area of the irradiation canister (10 by 10 by 10 cm), which shows minimal variation in the dose distribution (Mehta and Parker 2011) . The cylinder is Þxed inside the carbon Þber canister, which is lined with a 0.5-mm stainless steel beam-hardening Þlter to improve dose uniformity (Mehta and Parker 2011) .
The cylinder frame (17.5 cm in diameter and 12.5 cm in length) holds a 10-by 10-by 10-cm Plexiglas cube in the center of the canister. The space surrounding the Plexiglas cube is Þlled with instant rice, which is a good dummy material, closely matching the density of insect pupae. The Plexiglas cube consists of 12 stackable plastic plates, which can accommodate Ϸ40,000 pupae. A Plexiglas disk 17.5 cm in diameter and 2.5 cm in width, Þlled with instant rice, is used as a plug to Þll the space between the cube and the lid of the canister. The standard canister aluminum end cap is used to seal the contents within.
Dose-Mapping. The dose distribution in the central plane of the irradiation device was analyzed by a 9-by 9-by 9-cm Gafchromic HD-810 Þlm (Ashland Specialty Ingredients, Wayne, NJ) covered in a layer of paper, placed inside the middle plate of the stack and irradiated to Ϸ100 Gy. After irradiation, the Þlm was cut into 81 1-cm 2 pieces for reading. To analyze the vertical dose distribution, Þve 1-by 1-cm Gafchromic Þlms, each in a small paper envelope, were placed at each corner and in the center of the top, middle, and bottom plates of the Plexiglas cube and irradiated to Ϸ100 Gy. The optical density of these Þlms was measured and recorded 24 h postirradiation using a Radiachromic reader (FWT-92D, Far West Technology, Inc., Goleta, CA), and the dose distribution calculated following the standard operating procedure (International Atomic Energy Agency [IAEA] 2004). The 95% CI for the dose measured with the Gafchromic Þlm was Ϯ3.6%. Irradiation. Groups of 60 male pupae (30 Ð 40 h old) were irradiated at 0, 10, 15, 20, 30, 40, and 60 Gy, using the plates and cylinder designed speciÞcally for mosquito pupa irradiation. There were three replicates of 60 pupae for each dose. The dose was determined using Gafchromic HD-810 Þlm as described in the Dose Mapping section. In addition, three replicates of 30 female pupae of the same age were irradiated at 40 Gy to conÞrm previous results suggesting that these would be completely sterile. Three replicates of 30 female pupae not treated served as a control. Pupae were transferred into the stackable plates by pouring and concentrating them into a sieve, and then rinsing them from the sieve into the plates with a small amount of water. Any excess water can be sucked out with a pipette.
Effects of Irradiation on Residual Fertility and Male Longevity. Following irradiation, 60 males from each treatment group were placed in separate cages for emergence. Fifty virgin females of the same strain were added to each cage of treated (irradiated) males and were left to mate for 2 d before blood feeding. The gravid females were placed in individual tubes for oviposition. Female fertility was evaluated by recording individual hatch rates. Male longevity was determined by recording daily mortalities in each cage until all were dead at 62 d.
Irradiated female pupae were allowed to emerge in cages (one separate cage for each of the three replicates and for both treatment groups) and were provided with 30 fertile males and were left to mate, blood feed, and oviposit into an oviposition cup. The number of eggs and hatch rates were recorded en masse.
Statistical Analysis. Egg hatch rate data were arcsine-transformed to achieve normal distribution and compared between treatment using analysis of variance (ANOVA) and TukeyÕs post hoc tests. Radiationinduced sterility values were corrected for the mean natural sterility of the controls. KaplanÐMeier survival analyses were conducted to determine differences between groups in terms of adult survivorship; survival curves were compared using the survdiff function of the R Survival package, Peto & Peto modiÞcation of the GehanÐWilcoxon test was used to give a greater weight to the early or late deaths. ANOVA, log-rank, and Wilcoxon tests were performed to compare mean longevity of the different groups. For all tests, the alpha level was P Ͻ 0.05. Statistical analyses were performed using Microsoft Excel (Microsoft Redmond, WA), Minitab, and the open source package R (R Development Core Team 2008).
Results

Dosimetry.
The dose distribution on the centermost plate (10-by 10-by 10-cm Plexiglas) was relatively homogenous with a variation of Ϫ10 and ϩ7% of the central dose value (the dose at the center of the plate; Fig. 2 ). In addition, the highest relative dose was observed at the top left corner of the top plate (ϩ5% of the mean device cube value), whereas the lowest relative dose was recorded at the top left corner of the centermost plate (Ϫ6% of the mean device cube value).
Radiation-Induced Sterility. Males: An average of 52.2 Ϯ 1.2 eggs (mean Ϯ SE) were laid by each female throughout all treatment groups, including the controls. Egg batches containing Ͻ20 eggs were not included for analysis. No signiÞcant difference was observed between radiation doses (0 Ð 60 Gy) applied on the males (F ϭ 1.43; df ϭ 6; P ϭ 0.22) in the number of eggs laid by the females mated to these males. The . A 99% sterility was induced by irradiation at 40 Gy and no eclosion of eggs was observed when males were irradiated at 60 Gy; there was no statistical difference in sterility induced by radiation doses of 40 and 60 Gy. The probit (radiation-induced sterility) plotted against Log 10 (radiation dose) showed a linear effect of irradiation, allowing prediction of the doseÐ sterility relationship (Fig. 3B) .
Females. The irradiation of female pupae at a dose of 40 Gy resulted in the females not being able to oviposit, with 0 eggs being laid after two bloodmeals in all replicates, compared with an average of 1657 Ϯ 557 eggs laid by the control groups of 30 females each or an average of 55 Ϯ 18.6 eggs per female.
Longevity. There was no signiÞcant difference in pupa mortality in each dose group. Of the 180 pupae (3 ϫ 60) irradiated in each dose group including the control, an average of 3 pupae died. Both log-rank and Wilcoxon multiple comparisons of mean lifespan of the adults in each cage indicated signiÞcant differences for control males compared with males of all other treatment groups (P Ͻ 0.001). Mean survival of males irradiated at 10 and 20 Gy did not differ (P ϭ 0.0615), nor did treatment groups 30 and 40 Gy (P ϭ 0.439). Mean survival of males irradiated at 60 Gy decreased signiÞcantly compared with all other groups (P Ͻ 0.001; Table 1 ). The KaplanÐMeier estimates of the survival curves show a high probability of survival during the Þrst 2 wk for control males, and males irradiated up to 40 Gy (Fig. 4) . The control cage population of male Ae. albopictus was reduced by 50% after an average of 44 d compared with 11 d when males were irradiated at 60 Gy (Table 1 ). The maximum longevity for control males was 62 d compared with only 22 d for those males irradiated at 60 Gy.
Discussion
The devices designed here to allow X-ray irradiation of pupae show ease of handling and did not affect survival or emergence of the treated pupae. The dose distribution allows a relatively homogeneous (with a variation of Ϫ10% and ϩ7% of the central dose value) sterilization of up to 200,000 pupae if all Þve canisters are used. Homogeneity of the radiation dose received is of high importance for SIT purposes, as the sterility of all the living material treated has to be guaranteed. With this degree of variation, the dose received by the pupae would range between 36 and 42.8 Gy, inducing an expected sterility between 94.6 and 100%.
The pupation duration of Ae. albopictus is Ϸ2 d (Lees 1994) . Older pupae (30 Ð 40 h old) were used for this experiment as it has been reported that the older the pupae the lesser the somatic damage occurs during pupal irradiation (Balestrino et al. 2010 ). Irradiation at the adult stage can be even better in terms of the minimization of somatic damage; however, handling procedures become more difÞcult and the beneÞts could be compromised with the mechanical damage to the fragile adults. The sterility results obtained with Fig. 3 . X-ray sterility curve for Ae. albopictus Rimini. Mean egg hatch rate Ϯ95% CI as a function of radiation dose (A) and probit-transformed radiation-induced sterility on log dose (B). Points followed by different letters are statistically different (P Ͻ 0.05); r ϭ 0.887. Table 1 . Mean longevity and mean number of days required for the population to be reduced to 50% or 0% of the starting pop size X-rays are consistent with those reported previously (Balestrino et al. 2010) for the irradiation of the same strain with gamma rays, where it was determined that 99% sterility can be achieved with a dose of 40 Gy and 100% sterility with Ͼ60 Gy. Mastrangelo et al. (2009) also reported no difference between gamma and X-ray irradiation in inducing sterility on two fruit ßy species (Diptera: Tephritidae), where the relative biological effectiveness was compared between the two methods. The source of the radiation has no impact on the level of sterility achieved in the insects; however, the method of handling is important and has a huge impact on the overall biological quality of the insects.
Females irradiated at 40 Gy were 100% sterile, failing to lay even a single egg. Because mechanical separation of sexes can never be 100% efÞcient, it is important that no fertile females are released, as this would compromise efforts to eliminate the local population.
We observed a signiÞcant reduction of male survival with radiation treatments, especially those Ͼ40 Gy; a slight reduction was also seen in other treatment groups when compared with controls. Balestrino et al. (2010) also reported a signiÞcant negative effect of high radiation doses on this strain using gamma rays. The possible causes of somatic injuries induced by radiation treatment that may result in decreased longevity are described by Proverbs and Newton (1962) and Proverbs (1969) . This negative effect of radiation treatment appeared to be stronger during the last days of the life of the males. Other irradiation studies have found that low doses (10Ð 15Gy) could even prolong longevity of adult males, (Anopheles pharoensis Theobald [Abdel-Malek et al. 1966] and Anopheles arabiensis Patton [Helinski et al. 2006] ). The phenomenon of hormesis is proposed to explain the protective effect of a low radiation dose, which would stimulate defenses involved in cell repair mechanisms (Feinendegen 2005) . However, in this current study, this was not the case. In recent experiments assessing the effects of X-ray irradiation on the genetic sexing strain of An. arabiensis "ANO IPCL1" (NDO et al. 2013) , all treatment groups showed slightly decreased longevity; which may be the result of stress induced by handling procedures or the stackable plates in which the pupae are held for the duration of the irradiation process. Currently, the pupae lay on their sides in shallow water. Slightly deeper plates allowing the pupae to remain upright may decrease stress and improve results.
It has been estimated that in the wild, male Ae. albopictus live Ϸ30 d (Hawley 1988) . Released laboratory strains of Ae. albopictus could be recaptured up to 23 d postrelease (Hawley 1988) . Laboratory studies showed both mating activity and mating efÞciency declined gradually until about Day 6 and then more rapidly until by Day 14 there is no more mating (Boyer et al. 2011) . For SIT success, it is important that the irradiated males destined for Þeld released are able to survive during this initial period of high mating activity. However, adult longevity may reßect the overall Þtness of males, which may be strongly linked to their reproductive success. Finding the optimal balance be- tween sterility level and reproductive Þtness is fundamental to achieve an effective reduction of the target species population (Parker and Mehta 2007) .
This present work is important for control programs of mosquito species that includes an SIT component, as it conÞrms the suitability of an X-ray irradiator for the sterilization process and the comparability of the results with gamma irradiators. Moreover, the introduction of isotopic sources can be difÞcult in most of the countries requiring mosquito control, thus the use of X-ray irradiators will render SIT more accessible. Based on the results of this experiment, the X-ray irradiator fulÞls the requirements for use in SIT programs as it shows high effectiveness, predictability, and reproducibility in the sterilization of male mosquitoes. The device developed and described in this article allowed homogeneous irradiation and optimum survival of the pupae. Its ease of handling makes it an efÞcient tool as up to 200,000 mosquito pupae can be irradiated at once, showing a high processing capacity. The X-ray irradiator, therefore, has been shown to provide a practical and effective tool for sterilization for SIT purposes.
